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ABSTRACT

The Final Report on Contract Nonr-4874(00) ""Thermal Optic Distortion" quantatively
describes the optical distortion in neodymium doped glass which is induced by pump radia-
tion. We have observed optical distortion at 6328:4 and have found the optical path length
dependent on four primary effects:

1) Change in physical Jength

2) Change in refractive index due to temperat:re rise

3) Change in index resulting from stress

4) Change in index associated with an excited state population of neodymium ions.

Section I presents the experimental techniques used and the results obtained through-
out this contract Included in this section are measurements of optical path length variations,
pump-induced birefringence, change in physical length, change in refractive index, bulk
temperature rise, and the deflection of & light beam.

In Section II, the theory of thermal optic distortior. is developed for the first time to
include Fermat's principle. This approach leads to equations defining both the slope and
trajectory of rays through the material. The resulting equations are employed to predict ray
refraction, beam divergence, anu the optical path length through the material as a function

of radius, time, and polarization.

Section III compares the results of Sections I and II. Good agreement between theory
and experiment is achieved provided a new term is added to the expression for the change in
refractive index. This term arises from the fact that the polarizability of the neodymium ion
in its excited 411‘3 /9 level is different from its value in the 419 /2 ground level. The inclusion
of this new term in the expression for the change ii. refractive index implies that large
optical distortions can exist in "athermalized" glass.
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FOREWORD

This final technical report on Thermal Optic Distortion; Contract Number
Nonr-4874(00), covers the period extending from 16 June, 1965 to 1 October, 1966. The
obiective of the contract was to formulate a mathematical model of pump-induced optical
distortion in neodymium-glass laser rods and to verify this theory through experiment. The
experimental measurements made during the course of this contract included interferometer
measurements of optical path length variations, pump-induced birefringence, change in
length and refractive . .dex, bulk temperature rise, and the deflection of a light beam.

The general approach taken during this contract was to first measure pump-induced
birefringence and the change in length of the laser rod. From this data, the temperature of
the laser rod as a function of radius and time was calculated. This temperature distribution
was then used to theorethically predict the results of interferometric measurements, re-
fractive index change, bulk temperature rise, and the refraction of a light beam,

Three major sections comprise the body of this report. Section I deals with the
experiments performed and the results obtained, Section II is concerned with the development
of a theoretical model, while the final section shows the correlation which exists between the

experimental resulte and the theory.
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SECTION I. EXPERIMENTAL TECHMIQUES AND RESULTS

A. INTRODUCTION

This section o the Final Report or Contract Nonr-4874(00) is concerned with the ex-
perimental techniques used and the e)perimental results obtained throughout this contract.
The most important product ¢f the experimental work was quantative data which was used to
test the theory developed in Section II.

The ability to obtain reliable and usable quartative data rests prirnarily on the achieve-
ment of good radial symmetry in the optical path length gradients across the rod diameter
during the optical pump cycle. Without radi2i symmetry, the effect of pu .np- induced stress
and resulting strain cannot be determines, while all other data obtained would be extremely
difficult to interpret.

This section will, therefore, be concerne” with two major topics, The first deals with
achieving radial symmetry and the associated physical problems, while the second is con-
cerned ith the measurements of the laser rod's dynamic optical properties when exposed to

a pump source.

B. ACHIEVEMENT OF RADIAL SYMMETRY

1. Optical Pump Geometry

The source used t> optically pump the glass rods, which were 3/8 inch in diameter by
3 inch=s long, consisted of a 6-inch long xenon-filled helical lamp. The helical lamp had an
inside diameter of 1. 15 inches, and an outside diamster of 2. 2 inches, with 9-1/2 coils along
its length. Close coupled to the inside diameter of the lamp was a frosted pyrex sheath with
a . 06-inch wall thickness, while the outside diameter of ihe lamp was in contact with a heavy
aluminum foil reflector. The purpose of the frosted Pyrex sheath was to prevent solarization
of the Nd+3 rod and to diffuse the pump light before it fell on the laser rod. The aluminum
reflector served to increase the total pump energy ialling on the rod. The laser rod was
supperted in the center of the Pyrex sheath.

There were several reasons for choosing a 6-inch long helical lamp to pump a 3-inch
long laser rod. Perhaps the inost important was that the 6-inch lamp provided more even
illumination along the length of the laser rod than a shorter lamp. An additional advantage
was that the lamp (capable of dissipating 20,000 joules ) was excited to a fraction of its
maximum rating, thus providing very reproducible data throughout the experimental program.

1-1



The laser rod and cavity were air-cooled between firings with suificient time allowed
between shots for the rod to return to room temperature equilibrium.

2, Effects of Residual Stress*

If the residual stress in a laser rod is large compared to the stress induced during
optir~; pumping, the measurement of the latter may be difficult or impossible. This is
particularly true if the residual stress does nut possess radial symmetry with respect to
the rod axis. A study was therefore undertaken to determine the distribution, and where
pcssible the magnitude, cf residual siress existing in a number of glass rods and to observe
the effect this residual stress had on the optical path length through the laser rod during the
pump cycle. This investigation is covered in detail in Appendix A. It was observed that
those rods which did nnt possess radially symmetric residual stress exhibited non-radial
optical path length gradients and non-radial stress during the pump cycle. However, those
rods which did have radially symmetric residual stress exhibited radially symmetric stress
and optical path length gradients during the pump cycle.

In general, the achievement of radially symmetric optical distortions was dependent on
the laser rod poesessing either radiallv symmetric residual stress or zero stress. In addi-
tion, there were only two cases in which the residual stress appeared to be as large as the
pump induced stress, while for all of the other glass rods tested, the residual stress 2ppeared
to be considerably less. The results of this study were used to select a rod (AO-2) which
contained only radially symmetric residual stress and of magnitude small compared to the
pump induced stress. This rod was used to take the quantitative data contained in this report.

3. Laser Rod Support Effects

Prior to determining .he cffects of residual stress it was found necessary to determine
the distortion of the laser rod optical path caused by the laser rod supports. Basically, two
types of distortion were observed. The first arose from air, which was heated at the laser
rod surface, flowed around the end of the laser rod, and perturbed the optical path in the
vicinity of the end of the rod. The mechanism of the second type of distortion is not yet
known; however, it manifested itself by moculating the refractive index of the laser rod ard
appeared to origina‘e at the point of contact between the laser rod and the rod support. The
details of this investigation are to be found in Appendix B of this report.

* Residual Siress is defined as that stress present in a laser rod when the rod is at equilib-
rium room temperature.

1-2



After a thorough investigation of the distortion produced by several types of rod sup-
ports, a new support was designed and tested It was found that the new rod support intro-
duced no observable distortion.

4. Conclusion

The attainment of radially symmetric opticai path length variations in a neodymium
glass .user rod requires that three conditions be satisfied. It is necessary that the optical
pumping cavity be so designed as to ensure uniform distribution cf pump energy over the

surface of the laser rod. One of two conditions with respect to residual stress must be met:

(1) Residual stress must be small, or

(2) the residual stress must possess radial symmetry.

Finally, it is imperative that the laser rod supports introduce no &. stortion. All three of
these requirements have been met during this contract, thus enabling reproducible quantita-
tive data to be obtained.

C. QUANTITATIVE OPT.CAL DISTORTION MEASURE MENTS

1. Operating Range of Laser Rod

It was deemed necessary to demonstrate that the pump energies and pump cavity used
to obtain the thermal-ontic distortion data produced gain in the laser rod which was comparable
with the gain being generated in operational laser systems. To this end, laser rod AO-2
(See Appendix A) was places in a resonant cavity composed of a 70% reflecting front mirror
and a 99%-+ reflecting rear mirror. The laser rod was pumped at various energies, and the
output energy in joules was recorded. Throughout this contract the light output from the lamp
was temporally in the form of an unshaped pulse with a 3 db intensity duration of approxi-
mately 600 microseconds. The shape of the pump pulse is shown in figure 1-1, while figure
1-2 shows a plot of output versus input energy for rod AO-2. The low slope efficiency of
. 31% is not unusual considering the type of pumping cavity employed. Of major importance,
however, is the fact that at the pump energies used to record the dynamic optical distortions
(6400, 8800, and 11, 500 joules), the laser rod possessed considerable gain,

2. Optical Path Length Variation

The dynamic optical path length variations in rod AO-2 were measured on a Mach-
Zehnder interferometer and recorded by means of a Beckman and Whitley Model 350 high-
speed framing camera. The experimental diagram is the game as that shown in fisure A-Z.‘l
The framing camera was run at a spced of 35,900 frames per second. This speed yielded a

* Appendix A
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Figure 1-1. Temporal Shape of Pump Source(200 ps/div)

frame separation of 28 microseconds with a frame exposure t!me of 3 microseconds. Figure

1-3 shows some typical photographs obtained for 6400, 8800, and 11, 500 joules into the
helical lamp.

The film strip on which the fringe patterns were recorded was Kodak Shellburst Film.
This film was developed in Kodak HC-110 developer at 68°F for 5 minutes. The film was
calibrated so that relative intensity could be obtained by means of microdensitometer traces.

The phase change, measured from the center of the rod to the edge, was obtained from
the microdensitometer traces in the following manner. In general, the {ringe intensity at a
fixed radius for the Mach-Zehnder Interferometer is given by1

(I.1) I(r) = {(r) [1 +kg(r) +2Vkg(r) cos 8 (r)]

where I(r) is the fringe intensity, f(r) is the intensity in the arm of the interferometer not
containing the laser rod, k is an intensity loss factor (0= k=1) introduced b, the laser rod in
one arm of the interferometer, g(r) is a loss factor which accounts for the depolarization ef-

feots of stress, and 3 (r) is the fringe phase angle. The maximum fringe intensity is given by

(1. 2) Imax(r) = f(r) [1 +kglr) +2Vk g(r) ]

while the minimum intensity is given by

(I.-3) Imm(r) = f(r) [1 +kg(r)-2 vk g(r) ]

1-4
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Mach-Zehnder Fringe Pattern Photographs for Rod AO-2 - (11,500 Joules)

For our experimental results it was found that Im*x(r) and Imin(r) remained essentially con-
stant from r =0 to r = R, In addition, by running the microdensitometer traces parallel to .he
direction of the polarizationof the He-Ne beam the valueof g(r) was 1. Since was therefore taken
for radially polarized radiation, we shall write 8(r) as Sr(r) from now on to denote this fact.
By next defining the quantity o as the ratio Imm(r)/lmax(r) and requiring that the value of
Imax(r) be normalized to 1, the phase angle sr(r) can be expressed as

(1. 4) 8.(r) = cos™ ! [B(r)- S (1*)]
2 S /K
where
1+ Vo z
o k = | ———
- [1- Vo ]
1
1. 6) =
( S 1+k+2 Vk

and B (r) is defined as the ratio I(r),/lmax(r).
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Using equations (I. 4), (1. 5), and (I. 6) the phase angle across the rod radius was calcv-
lated for rod AO-2 at 11, 500 joules pump energy for all frames between time t equal to zero
(start of pump cycle) and t = 1600 microseconds (approximate end of pump cycle). Figure 1-4

shows this phase angle, normalized to zero at the center of the rod (r/R = 0), at selected
times as a function of normalized radius r/R.

In addition to the relative phase angle across the rod, the high-speed photographs were
used to give the total phase angle change at r/R = 0 as a function of time. First, the fringe
intensity variation at r/R = 0 versus time was plotted, and from this curve the total phase .
angle change was determined. Figure 1-5 shows the intensity variation for 11, 500 joules
pump energy, while figure 1-6 shows the total phase angle change recorded at three separate
pump energies for the doped AO-2 rod and at one energy for the undoped A0-3‘t rod. Itis in-
teresting to note that when the shape of the curves for the total phase angle change (figure 1-6)
are compared to the shape of the curve for the percent of total light emitted from the flash
lamp, figure 1-7, there is excellent agreement.

To determine the effect of the glass host on the observed optical distortions, an undoped
AOlux rod (AO-3) was placed in the pumping cavity. A set of selected Mach-Zehnder fringe
pattern photographs recorded at 11, 500 joules is shown in figure 1-8. When comparison was
made between the relative phase angle across the radius recorded for the doped rod (AO-2)
with that for the undoped rod, there appeared to be no great difference between them. Thus,
one must conclude that the relative phase angle across the radius as observed for the doped
laser rod is primarily caused by the glass host. Although the addition of Nd+3 to the host did
not greatly effect the relative phase angle across the radius induced by the pump, the total
phase angle change was much greater for the doped rod. It can be seen from figure 1-6 that

the maximum phase angle change for the doped rod is x2. 7 greater than that observed for the
host.

The optical path distortions noted for the undoped rod were probably caused by absorp-
tion of the U. V. pump radiation which passed through the pyrex sheath. This effect was ag-

gravated for the AOlux host because its UV absorption band appeared to extend well into the
visible blue region.

By analyzing the fringe patterns of the host in the same way as for the doped rod, the
effect of the Nd ’ oncentration alone could be determined. Four times were selected for
comparison purposes. The total phase angle change for the undoped rod as a function of r/R
was subtracted from the total phase angle change for the doped rod as a function of r/R, the

resulting curves being shown in figure 1-9. In figure 1-10, the relative phase angle for Nd+3
* See Appendix A
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only is compared with that for Nd+3 plus the host. It is obvious that elimination of host absorp-

tion would noticably reduce the ojcical distortion.

3. Birefringence Measurements

To assess depolarization effects and to acquire the necessary quantative data to use in
Section UI to calculate the temperature rise in laszr rod AO -2, the pump-induced birefrigence
was measured. The experimental arrangement for measuring the tiiie resolved birefringence
is shown in figure 1-11. Figure 1-12 shows selected photographs in the time development of
thebirefrigenceinrod AO-2at 11, 500 joules. Asincaseol.u.¢ Mach-Zehnder photographs
end B of the laser rod was focused at the focal plane of the camera. The film used, develop-
ment procedure, film calibration data, framing speed, and frame exposure was essentially
identical to that used for the Mach-Zehnder measurements. The equation used to calculate
the phase angle between the radial and tangential polarization components was equation (A. 1)*,
We shall call this the stress phase angle, The stress phase angle for an azimuthal angle 0 of
45 degrees is shown as a function of normalized radius and time in figure 1-13 for a pump

*Appendix A
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Figure 1-11. Experimental Diagram: Measurement of Pumo Induced Birefrigence.

Figure 1-12. Stress Development in Rod AO-2 at 11, 500j Pump Energy
(Direction of incident polarization 45°E)
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energy of 11,500 joules. Within experimental error (not shown in figur: 1-13) there was no
change in the stress phase angle between t = 684 microseconds and t = 1600 microseconds.
The mean value of the data, however, indicated that the stress phase angle decreased slightly
after 800 useconds.

To illustrate the degree of stress induced by the pump in rod AO-2 at 11,500 joules, the
stress (Sr - Se) before the pump, and at its peak value during the pump, was calculated from
the data and equation (A. 3)*. This 1s shown in fig: re 1-14. As can be seen from this curve,

the pump-induced stress is better than an order of magnitude gréater than the residual stress.

The undoped laser rod AO-3 was also tested for birefrigence during the pump cycle.
Although no quantative data was extracted from the photographs. there was little qualitative
difference between the birefrigence patterns for rods AO-2 and AQ-3.

4, Change in Length and Refractive Index

The experimental technique used in this part of the work allowed us to determine not on-
ly the change in physical length, but also the degree of physical distortioa in the flatness of

the rod ends and the change in refractive index. 2

The laser rod was aligned with the He-Ne Beam, as in figure 1-15, so that the ends of
the rod formed an interferometer. End B of the laser rod was imaged on a target in front of
a photomultiplier tube., Directly in front of the photocathode surface was a . 05-inch diameter
pinhole, . The position of the target and P. M. tube was changed to establish a value of r/R
and data was taken at each position. The movement of fringes past the pinnhole was recorded
during the pumping cycle for the '"rod-end’ interferometer, By using the data obtained with
the ""rod-end' and Mach-Zehnder interierometers, the change in length {A f (t)} and
change in index {A n(t)} for the laser rod could be calculated as follows.

Consider the diagram of a Mach-Zehnder interferometer shown in figure 1-16. The

phase differential between paths L1 + L2 and L3 + L4 prior to the pump cycle is given by:

(L7 84, - 3} [{(x1+x2) +Iono . LZ} - (L3+L4)]
However,

(1.8) X, + x, +IO = L.

*Appendix A
**Pinhole much smaller than fringe width
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Thus:
(19) 8g, -2 [J{)(no-n ¢ (LyeL,) - (L3+L4)]

During the pump, equation (1. 7) is modified s h that

(L10) g, = 2 [xl' ' xy +{PO +Aj(t)} {no+An(t}‘L2 - (L3+L4)]
Again,

(L11)  x' o+ % +[}o +Af(t)] = L.

Thus:

(L12) 84, - l:[{!om R(t)} {no+An(t)-1} +(L1+L2)-(L3+L4)]

The difference between equations (1.9) and (1. 12) gives the actual phase variations observed
during the pump cycle, Thus,

(L13)  Ag) - 27"- [An(t) {XO+AX(t)} WY () {no-l}]
Since f o >>A X (t), equation (1.13) becomes
(1.14) Ag 1) = %'- [20 An(t) + (no-l)AR(t)] .

Next, consider the ''rod-end" interferometer as shown in figure 1-17. Prior to pump-
ing, the phase difference between rays travérsing the path OA -> AO and those reflected di-

rectly from M, is given by:

1

n ).

(.15) 88y = 3 (4 n

A

During the pump cycle the phase difference is given by

(1.16) Bg,) = 4—”- {Xo a4 (t)}{no +An(t)} :

Again, fo >>A 1 (t), and the observed phase change during pumping is given by the difference
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Figure 1-17. "Rod - End" Interferometer
between (1. 15) and (1. '8). This phase change is
4n
(1.17)  Ag,¢) = + [[oAn(t) + nOAI(t)].

Equations (1. 14) and (1. 17) can be used to solve for An(t) and A A (t).
These solutions are:

aio alo -3 |3 g0 9,0]

(1.19)  An®) = 2 [no ad, 0 -;—(no-l)Aﬂz(t)] .
(o]

Thus, by recording Aﬂl(t) and A¢2(t) at a fixed value of r/R, the change in physical length
and refractive index can be determined.

Figure 1-18 shows the phase change obtained at r/R = 0 for the Mach-Zehnder and "rod-
end" interferometers at 6400, 4800, and 11,500 joules pump energy. In spite of the large
nember Si fringes recorded for the '"rod-end" interferometer, the data was found to be extre-
mely rerroducible from shot to shot. Figure 1-19 showsA,l (t) as obtained from this data,
while figure 1-20 shows An(t).

The value ofA‘(t) was also obtaineu at 11,500 joules forr/R = .44 and r/R = .72.
This was done to determine whether any physical distortions to the ends of the laser rod
occurred during the pump :ycle. A plot of A X t) atr/R = 0 .44, and.72 is shown in
figure 1-21. Within experimental error there was no change ..: end flatness from r/R = 0to
r/R = .T2upto t = 1.1 milliseconds. Aftert = 1.1 ms :here ‘- still no distortion be-
tween r/R = Oand and r/R = .44, but distortion definately does exist between r/R = ., 44
and r/R = ,7T2. At 1.6 ms this distortion in end flatness has increased (between r/R = 0
and .72) to approximately 1/4\ per end. Ignoring all internal refractive index gradients,
this distortion alone will cause the laser rod to act like a negative lens.
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5. Thermocouple Temperature Rise Determination

To obtain an experimental check on the calculated temperature rise of the laser rod, a
tnermocouple was used to measure the temperature rise after the pump cycle was terminated.
A .1l inch diametzr hole .5 inch deep was drilled in the center Jf the end of rod AO-1. A
thermocouple was inserted into this hole and contacte.! e glass, Initially, a low thermal
mass thermocouple, manufactured by RdF Corporation, was placed in the laser rod. It was
hoped that accurate temperature rise data could be obtained at least after 10 railliseconds. *
Unfortunately, the thin (. 0003 inch thick) RdF thermocouple evaporated when exposed to the
pump radiation. A new thermocouple was constructed, from . 01" diameter chromel-alumel
wire, and tested. This unit withstood repeated flashes at 11,500 joules. The time after * e :
ilash that was required to obtain the temperature rise in the rod was apprecximately 20 seconds
with this new unit. The time of 20 seconds might at first seem too long for meaningful data to
be obtained. However, for glass with its low thermal conductivity, the temperature rise ra-
corded at 20 seconds should be a reasonable approximation to the equalized temperature rise

in the rod.

Consi fer an infinite length cylinder at a uniform temperature To' If the temperature at
;2 certain length of
*ime will be required for the cylinder to assume a uniform temperature, Sy defining a time

th> outside surfacr is suddenly increased and leld at a temperature T

constant r ; 38 the time required for the temperature at the center of the rod to rise to 63%

of its final vaive, the value of « t is given by3

(1.20) «, = .26

where 7 is the densiwy, c the specific heat, Kc the thermal conductivity, and R the radius of
the cylinder. For rod AO-2 and AO-1the value of t 12 seconds. Although the idcalized case il-
lustrated above is not strictly true for an optically pumgyed laser rod, particularly since the
outside of the rod is not constrained at a fixed temperature, the value of the rod tempe-alure
20 seconds after the flash should be a close approximation to the equalized temperature rise
in the rod induced by ‘he pump. Additional experimental verification of this assumption is
found in the fact that the temperature rise recurded by the thermocouple remained constant

within 1°C from 15 seconds to at least 1 minute after the flash,

Correlation between the equalized rod temperature and that calculated theoretically
from birefringence and change in physical .ength data can be obtained by integrating under the
calculated temperature distribution curve at the end of the pump cycle (1600 microseconds) to
obtain the total heat absorbed by the rod. This heat deposited uniformly in the laser rod
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should result in approximately the same temperature rise as measured by the thermocouple.
It is to be expected that the temperature measured by the thermocouple may be slightly high-
or than that predicted by the heat content of the rod at the end of the pump cycle. This ad-
ditional temperature rise occurs by absorption of heat from the hot flash lainp and other com-
ponents within the cavity after the flash, The temperature rise measured by the thermocouple
as a function of pump energy is shown in figure 1-22,

6. Small Diameter Light Beam Deflection

The theory to be presented in Section I pradicts the refraction suffered by a light ray
within the rod. To determine the validity of this prediction, an experiment was set up to mea-

sure the deflection of a small diameter light beam for various values of r/R. The experiment-
al arrangement is shown in figure 1-23.

After passing the prote heam throug.: the laser rod at a fixed valie of r/R, the far field
pattern of the probe beam was photographed by the high-speed camera, The angle the probe
beam makes after emerging from the rod with the direction uf the probe beam before it enters
the rod is converted to a translational movement of the far field image in the focal plane of the
camera. Figure 1-24 shows this angle of the probe veam as a function of time, recorded for
rod AO-2 at 11,500 joules pump. The angle of the probe weam was always zero for r/R = 0.
In addition, as r/R was increased, the probe beam angle increased in the direction of bend-

ing the probe beam away from the rod axis. PBoth of these characteristics are in quantitative
agreement with the theory as will be shown in Section III.

1. Mach-Zehnder Optical Path Length Variation with Nonex Sheath

All quantative measuremeunts of thermal-optic distortion were made with a Pyrex sheath
surrounding the laser rod. During the course of these measurements it was found that the
large optical path length graoients across the rod diameter were largely caused by absorption
of pump radiation by the glass host. It has been postulated that absorption of U. V. radiation,
passing through the Pyrex sheath, is responsible, It was also shown that if the host absorp-
tion could be eliminated, the resulting optical path gradients would be substartially reduced.
To confirm this the frosted pyiex sheath was replaced by a frosted Nonex sheath (Corning
Code No. 7720 glass). The short waveleugth zutoff cf Nonex is much closer to the visible

than that of standard Pyrex and was expected to decrease the amount of energy absorbed by
the host.

Unfortunately, dirnct comparison of the effects of the two glasses could not be made.
This was due to the fact that the standard size of the Nonex in stock was different from the
pyrex. The pyrextube had a . 06" wall thickness with a , 92" i. d. while the Nonex had a . 09"
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Figure 1-22. Bulk Temperature Rise in Rod AO-1%as a Function of Pump Energy
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wall thickness with a .84"i.d. Pictures were obtained of the optical path distortic» with the
Nonex shzath at a pump energy of 11,500 joules. By comparing these with those in figure 1-3(c) .
it was found that the optical path length gradients were less for the Nonex sheath.

8. Measurement of a

The term a * is defined as et , where n_is the refractive index of the glass
An n n AT 0

and 2T is the total change in the ind@x due to uniform temperature rise, It was found nec- -

essary to measure a n since its value at 6328 A was not available. The value of « n Was

s O T oo

determined by uniformly increasing the temperature of the laser rod over a range AT, deter-
mining the change in optical path length which occured, and subtracting the effect of rod ex-
pansion from the observed path length change.

The experimental approach was to place a thermocouple in contact with the surface of
rod AO-2. The rod was then wrapped with a layer of asbestos cloth leaving the ends exposed.
Approximately twenty windings of nichrome wire were wound around the i::ner layer of cloth
and covered by a second wrapping of asbestos cloth. This thermally insulated assembly was

placed in a cardboard container, considerably larger than the rod, which was located in one

T

arm of a Mach-Zehnder interferometer. As the temperature of the rod changed, the fringe

Ik

shift at the center of the rod was counted by means of a photomultiplier connected to a re-

corder., The experimental arrangement is illustrated in figure 1-25, The rod was first al-

lowed to stabilize at room temperature. Then, current was applied to the nichrome winding,

TR T

and the rod allowed to stabilize at its final temperature., The value of g,—;,l- was then calculat-

ed from

T

(24) An N
AT © T_AT

- (no-l) a

where N was the number of fringes which passed the center of the rod, A the He-Ne wave-

it il

length, f o the length of the rod, AT the temperature rise, n, tke refractive index, and

i

a the expansion coefficient. The range of A T was held to approximately 20° C for each

experimental run., The value of o n at 6328 A was found to be -1.25 +.66 Xx 10'6 per °C, .
Most of the uncertainty in this figure arises from the uncertainty in the value of a . (See Ap-

pendix F.) =

*See Section II
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Figure 1-25. Experimental Diagram; Measurement of « n

9, Conclusions

The most important results obtained from the experiments described in this section are
in the form of reproducible data which could be used to obtain correlaticn between theory and

experiment., This will be done in Section III.

There are, however, important observations which give a better gualatitive understand-
ing of the optical prop:rties of American Optical AQlux glass laser rods when exposed to an
intense pumping sour ‘e, For clarity, these will be listed below in outline form as they refer

to each experiment.

1) Operating Range of Laser Rod - Rod AO-2 exhibited considerable gain at 11,500

joules pump energy.
2) Total Phasc Angle Change
a) The total phase angle change at the center of the rod increased at a rate pro-

rtional to the total pump energy deposited in the rod up to the time of obser-
vation,
b) The relative phase angle across the rod diameter is primarily due to host ab-
sorption,
3) Birefringence Measurements

a) Within experimental error the pump-induced stress phase angle reached a steady
1-33
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state approximately 700 microseconds after the start of the pump cycle.
b) The pump-induced stress differential (s&,-so) was better tiian an order of magni-
tude greater than the residual stress differential.

4) Change in Physical Length and Refractive Index - Physical distortion to the flatness
of the rod ends (dishing) is evident for times greater than 1 millisecond, and for

values of r/R greater than .5,

5) Thermocouple Temperature Rise Determination - Equalized temperature rise in the
laser rod was approximately 18°C at 11,500 joules pump energy, 16° at 8, 000 joules,
and 12°C at 6400 joules,

6) Small Diameter Probe Beum Deflection
a) There was no deflection of the probe beam when passed through the center of the

rod (r/R =0). As the probe was moved in the direction of increas-

ing r/R, probe beam angle increased to a maximum value (for 11,500 joules in-
put) of .4 milliradian at r/R =.90 and t = 1600 microseconds.

b) The probe beam was bent away from the axis of the rod as was predicted by the
Mach-Zehnder interferometer fringe patterns. These show that the optical path

length increases as r increases.

7) Measurenment of aq " The measured value of a at 6328 ;\ was 1.25 + .66 x10'6°C.
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II. THEORETICAL CONSIDERATIONS

A. INTRODUCTION

Thermal optical disiortion in isotropic laser materials such as glass stems from
temperature gradients which arise as a result of energy dissipated as heat in the

material. 1,2,3,4

Two separate types of optical distortions arise from such temperature
gradients. The first is caused by a non-zero index of refraction change with temperature of
the material. The second is caused by a change in index of refraction of the material with
stress which in turn arises from temperature gradients within the material, Both of these
effects are important in most glasses. The neglect of the stress optical effect in American
Optical 3835 glass (AOlux ) leads, for example, to the prediction that a glass rod of this
material will act as a positive lens when the temperature increases from the center of the

rod outward while, in fact, it acts as a negative lens.

In the following analysis the distortion suffered by an initially plane wave in passing
through a glass rod of radius R and lengthX will be considered for the case where the
temperature of the rod is a function only of the radial coordinate r and the time t. This will
be done by obtaining the equation for the ray trajectories (or paths) by requiring that
Fermat's principle be satisfied and then computing the optical path length along these ray
paths. These results will then be used to predict the results of a Mach-Zehnder
interferometer experiment, a birefringence experiment, and the refraction suffered by a
small diameter light beam in passing through the rod. The latter will lead to the formulation

of an expression for an average beam divergence angle for laser amplifiers,

In Section III of this report, it will be demonstrated that this theoretical description
is in quantitative agreement with the experimental results described in the first section.

B. RAY TRAJECTORIES

Suppose a plane wave traveling parallel to the axis of a rod of length £ and radius R
falls on one end of the rod as shown in figure 2-1. We define light rays in the usual way5
as the orthogonal trajectories to the geometrical wave-fronts, For clarity, the wave-fronts
have been omitted within the rod. We first ask what are the equations of these trajectoriec,
Consider a ray which enters the rod at point P . at a radial distance from the axis of the
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Figure 2-1. Ray Path Geometry

rodr = ro travels through the rod and emerges from the rod at point P1 at radius ry and at
angle @ with respect to the normal to the rod at P1 as shown.

The optical path length S along this ray between P o and P1 is

z
1 2
(I.1) s n(r)\J1 +r'° dz
o

where n(r) is the index of refraction at r, and the prime denotes differentiation once with
respect to z. Fermat's px'inciple6 now requires that S be a minimum (i.e., that a solution
be found for the variational problem 8 S = 0). The mathematical formulation for this
problem is well known. In our case the solution is the solution to Euler's differential
equaticn

(IL. 2) —‘;{ - £ (%—,) =0

where F is n(r)\/1 + r'z. Using this function for F we obtain from equation (II. 2)

- n(r) (1 +r'2)r" + n(r)r'zr" =0

w3 (1 +rdH? 80

r

s T &
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2
Now let r' = p and d_; sr''=p g‘:; We then find from (II. 3)
dz

(I1.4) n(r)p%f; - (1 +pz)2 dn(r) _ 0

Integrating once yields

1 _
(1+p9
where C1 is a constant and must be determined by the boundary condition that dr/dz = p is

zeroatr=r . The C1 is found from equation (II. 5) to be

(I.5) -1/2 = In [c1 n(r)]

a.e c, = I S
n(ro) Je

From (IL. 5) and (II.6) we find that the slope of the ray is

M n(r)

i g o)

L o)

(II. 7) az = % 3
Ini __._'l(l)___
n{r) /&

where the positive sign in front of the square root is used when dn(r)/dr > 0, and the negative
sign when dn(r)/dr < 0.*

To obtain the equation for the ray path, equation {II.7) must be intey -ated.
Rearranging and integrating we have

1
- (I1. 8) % -1 dr = z+C
f 21n [n(r)/n(r‘))] 2

where C2 is a constant to be evaluated by the boundary condition that when? =0, r=r o'
Before the left-hand side of (II. 8) can be evaluated we must assume an explicit function for
n(r)/n(ro) over only the range of values of r covered by the ray which entersatr=r . We

choose the function to be
(IL. 9) n(r)/n(ro) = ea(r-ro)

where a is chosen to be n(r )/n(r ) and where the dot denotes differentiation once by r. This
choice of a makes the first two terms of the power series expansion of ea( ~To) identical with
the first two terms of the power series expansion of n(r),/n(r 0) about T, The use of equation
(11, 9) will be justified so long as the range of values of r covered by a ray which enters the
rod at r, and leaves at ry is smaller than the range of r for which the exponential is a g‘ood

* Here n(r) is assumed to be either monotonically increasing or decreasing throughout the
range T, to ry inclusive.




fit to n(r)/a(r o)' This condition is satisfied even under the most intense pumping conditions
of ADlux rods described in this report because of the small values of ry-r, and the slowly
varying character of n(r). Although this condition should always be checked before the theory
is applied, it iz expected to h~ld in all cases for glass rods where the optical pumping
conditions are su~’ that the temperature depends only on the radial coordinate and the
pumping is fairly uniform,

Inse~ting (II. 9)into(JlI. 8), integrating and evaluating C2 to be zero by the boundary
condition, yieids

(.10) = 1}5 {‘\fza(r-ro) '\fl-za(r-ro) + sin”! \/2a(r-ro) } =z

as the required equation for the ray path, We note that since for glass the index change is
10"5 or less per degree temperature change, we have

2
}
i

. 2 an -4
(lI.ll) Za(r-ro) ~ H Kl_' Ar < 10

for all practicable pumping conditions of glass rods. In view of (II. 11) we may write an
approximate form of (II. 10) which will be adequate for our purposes:

=] 2
- (I.12) r-r, =3 .

IR

C. OPTICAL PATH LENGTH

Now that the e yuation for the rar path through the material is known, we are ina
position to evaluate the optical path length S. This is given by equation (II.1) provided that
the integ<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>